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Abstract
A regional sampling of gases from thermal springs near the LaBarge Field, Wyoming, USA to determine the extent 
of the total carbon dioxide system (TCDS) indicates that the system may extend up to 70 km to the northwest of the 
field. Geochemical evidence from noble gas isotopes, stable element isotopes, and gas composition provide the 
foundation for these conclusions. Samples from Soda Springs to the west and Grand Teton National Park to the 
north do not exhibit the potentially diagnostic LaBarge gas chemistry and represent an absolute maximum potential 
extent of the system. Additional sampling to the south and east as well as in-fill sampling in regions previously 
sampled are necessary to refine these preliminary TCDS boundaries.
© 2013 The Authors. Published by Elsevier Ltd.
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1. Introduction
Following the recent release of the United States Geological Survey’s (USGS) national assessment of geologic 
carbon dioxide (CO2) storage resources [1], the research team has begun investigations of the extent, migration 
pathways, and potential sources of naturally occurring CO2. One of many potential ends to this work is the creation 
of a more formalized concept of the total carbon dioxide system (TCDS), a framework initially suggested by 
Brennan et al. [2] that will allow for comparative localized assessments and accounting of natural CO2 systems in 
the subsurface. 
* Corresponding author. Tel.: +1-703-648-6457
      E-mail address: mmerrill@usgs.gov
Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Peer-review under responsibility of the Organizing Committee of GHGT-12
 Matthew D. Merrill et al. /  Energy Procedia  63 ( 2014 )  4186 – 4190 4187
This TCDS framework is similar to the total petroleum system (TPS) utilized by the USGS in undiscovered 
hydrocarbon resource assessments and based on the petroleum system concept of Magoon and Dow [3].
The LaBarge Field is currently the largest source of natural CO2 used for enhanced oil recovery at producing 
fields throughout the northern Rocky Mountains. LaBarge Field provides an opportunity to investigate whether 
field-specific geochemical signatures are present in any components of the natural gas produced at the field and then 
to determine the regional extent of those signatures to potentially define a TCDS. LaBarge Field is located in 
southwestern Wyoming on the western edge of the Greater Green River Basin and locally on the northern section of 
the Moxa Arch. 
The initial step in the investigation was to characterize the chemistry of the Madison Limestone gas at the 
LaBarge Field (hereafter, LaBarge). Gas characterization included composition and isotope geochemistry, whereas 
geologic characterization included interpretations of the source, migration, and trapping of CO2. Preliminary results 
from this first step were recently reported by Merrill et al. [4]. Subsequent field work focused on sampling free and 
dissolved gases at nine hot and warm springs in the LaBarge region that were associated with Paleozoic geology to 
determine a potential regional extent to the geochemical signatures found at the field (Fig. 1).
2. Methods
In November 2013, three natural gas samples containing high concentrations of CO2 were collected from three 
wells at the LaBarge Field. The wells produce at depths of 14,500 to 16,500 feet and were sampled using treated 500 
ml steel gas cylinders to inhibit H2S reactions. Analyses for gas composition and major stable isotopes were 
conducted by an external commercial laboratory with H2S-bearing gas analysis capabilities. Analyses for noble gas 
isotopes were conducted in Denver at USGS labs. Sulfur for isotopic analysis was captured from H2S gas and 
analyzed by an external lab.
Samples from nine hot and warm springs to the north and west of LaBarge were collected in July 2014. Seven free 
gas and two dissolved gas samples were analyzed for gas composition and stable isotopes. Noble gas isotope 
analyses on all samples and gas composition for the two dissolved gas samples was done at USGS labs. Major 
element stable isotope analyses were not conducted on the dissolved gas samples.
3. Results
As reported by Merrill and others (2014) [4], gas composition (mole %) in three Madison Limestone producing 
wells at LaBarge is approximately 69% CO2, 21% CH4, 6% N2, 3% H2S and 0.7% He2 and in line with gas 
composition reported by others [5, 6, 7]. Small variations between gas chemistry were present; however, additional
data are needed to investigate potential in-field trends. Helium isotope ratios are indicated in R/RA notation (the ratio 
of 3He to 4He over the ratio in air) and ranged from 0.077-0.085. 'HOWDį13C carbon isotopes for CO2 in the 
samples are approximately -4 ‰ and can be explained by the thermal breakdown or thermochemical sulfate 
reduction (TSR) of inorganic carbonate materials in the presence of CH4 DQGVXOIDWH&DUERQį13C = -43 ‰) and 
GHXWHULXPį' -160 ‰) isotopes in the CH4 point to thermogenic gas formation. 
Preliminary geochemical analyses of samples from hot and warm springs to the west and north of LaBarge show a 
wide range of compositions. Samples from the Soda Springs area show R/RA values of approximately 2.0, 
significantly higher than the 0.08 average ratio from LaBarge. Most of the other samples to the west of LaBarge 
range from 0.7 to 2.0 with the exception of Johnson Springs which is very similar to the LaBarge samples (Table 1). 
Samples to the north in Grand Teton NP also show low LaBarge-like R/RA values. Gas compositions tell a similar 
story with most springs showing higher CO2 concentrations than LaBarge and no CH4 or helium. Johnson Springs 
again stands out; although not identical to LaBarge, it contains similar helium concentrations as well as the presence 
of methane.
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Fig. 1. A regional map of southwestern Wyoming, southeastern Idaho and northern Utah. An approximate representation of LaBarge Field is 
outlined in red. Nine hot and warm spring locations sampled for comparison to LaBarge gas are shown with red triangles. The two-letter 
abbreviations represent the following locations: AW = Abercrombie Warm Spring, HS = Hooper Spring, JS = Johnson Springs, KW = Kelly 
Warm Spring, LH = Lava Hot Springs, MG = Maple Grove Hot Spring, MS = Mammoth Spring, PW = Price’s Warm Spring, and SS = Sulphur 
Springs.
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Table 1. Gas composition, noble gas isotopes, and stable isotope results for LaBarge Field, Johnson Springs, and other sampled locations. NT = 
not tested, ND = not detected.
Sample name N2
%
CO2
%
H2S
%
CH4
%
į13C
CH4
‰
į13C
CO2
‰
įD
‰
4He
ccSTP/cc
(x 10-6)
R
RA
LaBarge 1 6.15 71.44 2.71 19.69 -43.67 -4.21 -160.5 6992 0.080
LaBarge 2 6.09 70.95 2.52 20.43 -43.8 -4.00 -161 7280 0.085
LaBarge 3 6.32 65.18 4.89 23.61 -43.77 -3.96 -161.5 7284 0.077
Johnson Spring 12.85 83.27 NT 2.71 -33.84 -2.90 -173.4 9992 0.089
Hooper Spring 
(Soda Springs)
32.19 67.04 NT 0.04 ND -4.26 ND 76 2.097
Kelly Warm Spring 
(Grand Teton NP)
94.02 0.31 NT ND NT NT NT 631 0.053
4. Discussion
Noble gas isotope ratios have been shown to resolve mantle versus crustal origin signals for high concentration 
natural CO2 reservoirs [8]. Noble gas geochemistry from the Madison Limestone at LaBarge suggests that the 
majority of the noble gas originates from crustal sources and may have arrived at LaBarge with hydrocarbons that 
migrated from the west during the late Paleozoic [4]. The origin of the noble gases, though commonly used to 
suggest the source of CO2 in magmatic systems [8, 9] does not provide direct evidence of the CO2’s source at non-
magmatic accumulations, like LaBarge. Instead, it is the lack of a magmatic signal in the noble gases, and 
substantiating stable isotope data from CH4, CO2 and H2S, that suggests the origin of the CO2 is the TSR of 
methane. TSR has been proposed by previous authors [10, 5] as the origin of CO2 at LaBarge; however, this is the 
first example using noble isotopes to corroborate those conclusions. 
A preliminary attempt to define the regional extent of the TCDS at LaBarge through the sampling of hot and 
warm springs to the north and west has yielded informative results. Gas samples from Johnson Springs 
approximately 70 km (45 miles) to the northwest of LaBarge, and the closest thermal spring sampled, are similar in 
helium concentration and helium isotope ratios as well as isotopes from CH4 (Table 1). Although CO2 and CH4
concentrations are not the same, the presence of these phases at Johnson Springs and not at the other springs further 
from LaBarge appears to be another line of potential evidence suggesting that the gas present at the surface at 
Johnson Springs is related to gas produced at depth at LaBarge.  
Springs sampled further to the north and west do not exhibit geochemistry similar to LaBarge Field and Johnson 
Springs.  To the west in the Soda Springs area, evidence of Basin and Range style tectonics and associated magma 
emplacement is well documented. Helium ratios from previous studies, and corroborated here, indicate the presence 
of significant magmatic contributions of noble gases in the Soda Springs area [11].  Armstrong et al. [12] dated 
surface basalts of the Blackfoot lava field to about 100 ka. This recent activity could either overprint the signal of 
gases of similar origin to LaBarge, or LaBarge-type gases were simply never trapped in the Paleozoic reservoirs in 
this area. Springs sampled to the north in Grand Teton National Park have similar helium isotope ratios to LaBarge 
and therefore may be indicative a regional crustal signature; however, helium and methane concentrations are 
negligible and indicate that the regional extent of the gas at LaBarge does not extend this far to the north, or is not 
connected to the surface at these springs. 
The presence of LaBarge type gas at the surface 70 km to the northwest of LaBarge itself indicates that the TCDS 
1) includes a large regional CO2-CH4-He gas accumulation, 2) consists of a migration pathway acting as a conduit to 
bring gas from a smaller accumulation to Johnson Springs, or 3) that LaBarge and Johnson Springs formed in 
parallel as separate accumulations due to potentially similar initial reservoir contents.  The geologic connection 
between LaBarge and Johnson Springs is not yet fully understood. The geology between these sites has been 
through Laramide thrusting, and Basin and Range rifting and normal faulting. Though they appear to be, or were at 
one time, in communication as part of a hypothesized TCDS, additional sampling and analyses are needed to 
determine the nature of the TCDS. 
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5. Conclusions
Analyses of the geochemistry of gases sampled from Madison Limestone wells at the LaBarge Field, Wyoming, 
USA indicate that the source of the 69 percent CO2 concentration gas is of crustal origin rather than from an often 
hypothesized mantle source. Helium R/RA ratios, stable isotope ratios, and gas composition geochemistry, when 
examined in combination, appear to be diagnostic of the reservoir. The reservoir does not appear to extend to the 
north as far as Grand Teton National Park or to the west as far as Soda Springs; however, gas from Johnson Springs, 
70 km to the northwest is probably related to the gas at LaBarge because a potential total carbon dioxide system 
(TCDS) formed from TSR may extend from LaBarge over the Wyoming Range as far as the Wyoming – Idaho 
border area where Johnson Springs is located. Additional sampling in the region at springs and from oil and gas 
wells is required not only to confirm these TCDS boundaries on the west and north, but to also begin delineating 
possible edges to the system in the south and east.
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